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IceCube-170922A: A High-Energy Neutrino

On Sept 22, 2017, IceCube detected a high-energy ν ≅ 290 TeV energy!
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IceCube Collaboration, et al., Science 361, eaat1378 (2018)

See also Anna Franckowiak’s talk

Fermi LAT was the first telescope to report that TXS 0506+056  
was in a flaring state! 

An extensive multi-wavelength campaign happened!



IceCube Realtime Alert System and AMON �3

Sent to AMON  
at Penn State

High-energy ν’s 
detected at the 
South Pole

Transferred to UW-Madison

Sent to GCN

(Automatically) trigger observatories 

Astrophysical Multimessenger Observatory Network

See also Naoko Kurahashi Neilson’s talk



Multi-Wavelengths Follow-Up Campaigns

Multimessenger campaigns resulted in the first and only 3𝜎 high-energy neutrino source association!  
Blazars maybe a source of high-energy neutrinos!
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IceCube Collaboration, et al., Science 361, eaat1378 (2018)



Interpretations of TXS 0506+056: Various Papers �5

Other papers: 
Ansoldi+ (MAGIC Collab.) 
Gao+ (1807.04275) 
Murase+ (1807.04748) 
Cerruti+ (1807.04335) 
He+ (1808.04330) 
Liu+ (1807.05113) 
Sahakyan (1808.05651) 
…

Our paper: 

A Multimessenger Picture of the Flaring Blazar TXS 0506+056: Implications for High-
Energy Neutrino Emission and Cosmic-Ray Acceleration 

AK, Murase, Petropoulou, Fox, Cenko, Chaty, Coleiro, DeLaunay, Dimitrakoudis, Evans, 
Kennea, Marshall, Mastichiadis, Osborne, Santander, Tohuvavohu, Turley 

ApJ 864:84 (16pp), 2018

Gao+18

Cerruti+18

Ansoldi+18

Sahakyan+18



Time-Dependent Multi-Wavelengths Observations

Fermi LAT (𝛾-ray), NuSTAR (Hard X-ray), Swift (Soft X-ray, UV, Optical), X-shooter (Optical)
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AK, Murase, Petropoulou, Fox, et al. ApJ 864 (2018)

Observations Timeline
[-15d, +15d] [+15d, +45d]



Spectral Energy Distribution of TXS 0506+056 �7

Observational data used for modeling: 

X-shooter (Optical) 

Swift UVOT (Optical and UV) 

Swift XRT (Soft X-ray) 

NuSTAR (Hard X-ray) 

Fermi (𝛾-ray)

AK, Murase, Petropoulou, Fox, et al. ApJ 864 (2018)

Spectral Energy Distribution

10 orders of magnitude in photon energy (1 eV to >10 GeV)



Swift Observations �8

IceCube-170922A triggered Swift in 
automated fashion via AMON 

Rapid-response mosaic-type follow-up 
observations 

19-point tiling: 3.25 hr after the 
neutrino detection 

Spanned 22.5 hr 

9 X-ray sources  

X2: TXS 0506+056 (4.6’ away) 

Energy range: 0.3-10 keV 

Following the Fermi report of TXS 
0506+056 in a GeV-flaring state: 

Swift monitoring campaign started



Swift Flux �9

Following the Fermi report on 
the GeV-flaring state of the 
blazar, Swift started a 
monitoring campaign  
36 more epochs until the end 

of Nov 2017 (~54 ks) 

Observation in the 0.3-10 keV 

NH = 1.11 x 1021 cm-2 
Horizontal bands:  

XRT historical data 

Two epochs: 
[-15d, +15d] and [+15d, +45d]

P.A.Evans, AK, et al., ATel 10792 (2017)

AK, Murase, Petropoulou, Fox, et al. ApJ 864 (2018)

AK, P.A.Evans, et al., GCN Circular 21930 (2017)



Swift Spectral Variability �10

Solid horizontal: photon index 
of the stacked X-ray spectrum 
over the 2 epochs  

Dashed lines: uncertainties 
𝛼XRT = 2.37 ± 0.05 

UVOT photon index obtained 
from a power-law fit to the 
energy flux spectrum 

P.A.Evans, AK, et al., ATel 10792 (2017)

AK, Murase, Petropoulou, Fox, et al. ApJ 864 (2018)

AK, P.A.Evans, et al., GCN Circular 21930 (2017)



NuSTAR: Hard X-ray Data �11

Requested NuSTAR 
observations to complete 
X-ray band 
Two observations:  

Sept 29 and Oct 19 
Energy: 3.0-100 keV 
Overal exposure ~44 ks 

Simultaneously fit XRT and 
NuSTAR 

Best fit photon indices: 
𝛼XRT = 2.37 ± 0.05 
𝛼NuSTAR = 1.69 ± 0.12 

IceCube Collaboration, et al., Science 361, eaat1378 (2018)

D,B. Fox, et al., ATel 10845 (2017)



Fermi 𝛾-ray Data �12

Fermi LAT photons: 
100 MeV < E < 300 GeV 
15° from TXS 0506+056 
Zenith<90° 

Sources in 3FGL: 
15° from TXS 0506+056 
Spectral parameters fixed to their 

catalog values, unless within 3° 

Spectral fit was performed with a 
binned likelihood method 

𝛼LAT = 2.05 ± 0.05

IceCube Collaboration, et al., Science 361, eaat1378 (2018)

Spectral Energy Distribution



Big Questions on Blazars: ν’s and 𝛾-rays �13

Blazars as a neutrino point source? 
Contribution to the IceCube neutrino flux? 
Probability of observed neutrinos from a blazar? 
Origins of 𝛾-rays: leptonic or hadronic? 
Maximum energy of accelerated protons?

See also Maria Petropoulou’s talk



ν and 𝛾 Production in Blazars �14

Photomeson Production

Leptonic and (Lepto)hadronic Scenarios

Leptonic: 

Synchrotron self-Compton  

External inverse-Compton

PeV-EeV ν’s via photomeson 
production process 

Target photons:  

Intra-jet 

External radiation fields

Image: S. Dimitrakoudis



Leptonic vs Leptohadronic Models �15

Leptonic Models: 

Synchrotron emission 
Inverse Compton scattering 
Pair production 
Pair annihilation

Leptohadronic Models: 

Synchrotron emission 
Inverse Compton scattering 
Pair production 
Pair annihilation 
Photomeson production 
Photopair production



ν and 𝛾-ray Luminosities �16

Electromagnetic cascades redistribute energy from  
high energies (e.g. PeV) to lower energies (e.g. keV-MeV): 

Cascade effects 

 Lν ≅ L𝛾 

Data do not always allow for solutions with Lν ≅ L𝛾 

If Lν ≪ L𝛾: leptonic origin of 𝛾-rays

Image: S. Dimitrakoudis



Modeling of the TXS 0506+056 Flare �17

Swift-UVOT + X-shooter show that νpk< 3 x 1014 Hz (ISP) 

External inverse-Compton explains 𝛾-rays 

Hadronic cascade should not exceed X-ray data 

Upper limits on proton and therefore ν flux

Single-zone picture:  
Leptonic scenario with a radiatively-
subdominant hadronic component!

Fν < 2 x 10-12 erg cm-2 s-1 

Lp/Le> 300 

Ep, max < 0.3 EeV 



Modeling of the TXS 0506+056 Flare �18

Leptohadronic model 

Model with 𝛾-rays from pion-induced cascade is ruled out (Lν ~ L𝛾) 

Model with 𝛾-rays from proton synchrotron leads to EeV neutrinos 
with very low luminosities

IceCube-170922A can not be explained 
with the leptohadronic scenario



Modeling of the TXS 0506+056 Flare �19

Upper limits on the all-flavor neutrino fluxes for our modeling of the SED: 
Several parameters 
Leptonic and Hadronic Models

~1-2% probability to see 1 neutrino 
event in half a year!



Importance of Fermi in Blazar Neutrino �20

Fermi LAT has so far observed and monitored many blazars! 

This has been extremely helpful in studies related to high-energy neutrino and ultra-
high energy cosmic ray sources 

Monitoring the 𝛾-ray sky is crucial for revealing the sources of neutrinos and cosmic 
rays and for understanding the nature of these phenomena 

Fermi 𝛾-ray data also play a crucial role in other multi-messenger searches including: 

 Archival joint searches (e.g. Turley et al. 2018) 

 Future joint gravitational waves and high-energy neutrinos (e.g. ApJ 850, L35, 
2017)

See also Colin Turley’s talk



VERITAS Observations of TXS 0506+056 �21

Presenting a short review on VERITAS VHE 𝛾-ray SED  
on behalf of  

Reshmi Mukherjee, Marcos Santander, and Brian Humensky 



VERITAS observations of  TXS 0506+056

6 Abeysekara et al.

Figure 1. VERITAS statistical-significance sky map for the region around TXS 0506+056.
The VLBA radio location of the blazar is indicated with a ‘+’ marker. The size of the
VERITAS point spread function for this analysis, at 68% containment, is shown as a white
circle in the lower left. The ‘x’ marker indicates the best-fit position of IC 170922A, with
dashed (dotted) lines indicating the 50% (90%) confidence-level regions for the neutrino
location (from IceCube Collaboration et al. (2018)).

Photons with energies between 100 MeV and 300 GeV that were detected within

15� of the location of TXS 0506+056 were selected for the analysis, while photons

with a zenith angle larger than 100� were discarded to reduce contamination from the

Earth’s albedo. The contribution from isotropic and Galactic di↵use backgrounds,

and sources in the 3FGL catalog (Acero et al. 2015) within 15� of the source position,

were included in the spectral fit with their spectral parameters fixed to their catalog

values, while the parameters for sources within 3� were allowed to vary freely during

the source spectral fit. The blazar spectral fit was performed with a binned-likelihood

method using the P8R2 SOURCE V6 instrument response functions.

TXS 0506+056 is strongly detected during the analyzed period, with a test-statistic

(TS) of more than 2100 from the Fermi -LAT analysis. The power-law best-fit spectral

parameters are a photon index � = 2.05 ± 0.03 (consistent with the 3FGL value of

2.04 ± 0.03) and a flux normalization N0 = (1.04 ± 0.05) ⇥ 10�11 cm�2 s�1 MeV�1

at an energy E0 of 1.44 GeV, about a factor of three higher than the 3FGL value

of (3.24 ± 0.10) ⇥ 10�12 in the same units. The spectral fit was repeated in seven

independent energy bins with equal logarithmic spacing in the 0.1 - 300 GeV range.

Best-fit flux values and 68% uncertainties, shown in Fig. 2, are reported for spectral

bins with a TS larger than 4. Flux upper limits at 95% CL are quoted otherwise.

VERITAS observations of  TXS 0506+056

• Observations taken between Sept 2017 and Feb 2018. 35 hrs of  quality selected data. 

• 5.8𝛔 at source location. Flux of  1.6% of  the Crab nebula above 110 GeV.  

• Photon excess centroid is consistent with the radio location of  TXS 0506+056.

!22

Abeysekara et al. 
ApJL (2018). arXiv/1807.04607



VERITAS observations of  TXS 0506+056

Gamma-ray SED of  TXS 0506+056

• Best power-law fit in the 110-300 GeV yields Γ = 4.8±1.3. 

• Spectrum softening not consistent with EBL absorption alone of  VHE gamma-ray flux. 

• Flux level compatible with archival Fermi observations of  the source.  

• Break in the particle population? Self-absorption? Multiple zones with 
leptonic+hadronic emission?

!23

VERITAS observations of TXS 0506+056 7

Figure 2. Gamma-ray SED of TXS 0506+056 from Fermi -LAT and VERITAS observa-
tions collected in the period MJD 58019-58155. Given that the observations are not strictly
simultaneous, spectral variability of the source cannot be ruled out. The VHE spectrum of
the source as measured by MAGIC within two weeks of the detection of IC 170922A is also
shown (IceCube Collaboration et al. 2018). For comparison, the Fermi -LAT 3FGL (purple)
and 3FHL (orange) catalog fluxes of the source are shown, as well as 95% CL upper limits
from VERITAS archival observations (black) described in Section 2.1. Best-fit power laws
are shown as dashed lines for each data set collected in the MJD 58019-58155 period, with
color bands indicating 68% statistical uncertainties on the fit.

We compute a light curve of integral photon flux between 0.1 and 300 GeV based on

the Fermi -LAT data binned in seven-day intervals. The integral flux is calculated by

fitting the spectrum of the source with a power-law function for each time bin while

allowing the spectral index �LAT to vary freely. The integral flux points, all with a

TS larger than 9, are shown in Fig. 3. For comparison, the integral photon flux in

the same energy range is (2.33 ± 0.14) ⇥ 10�7 cm�2 s�1 for the entire period. We

characterize the variability of the source in the Fermi -LAT band by evaluating the

goodness-of-fit of a constant value to the light curve. The flux light curve is poorly

fit by a constant, with a �2/n.d.f. of 69.4/19 (p = 1.2 ⇥10�7), which confirms the

presence of GeV flux variability in the time period considered. For the spectral index,

a constant fit yields a �2/n.d.f. of 23.9/19 (p = 0.2), indicating that a constant index

is consistent with the data given the statistical uncertainties.

2.3. Swift-XRT Observations

Prompt follow-up observations of the neutrino error region and later observations

of TXS 0506+056 were performed as part of an existing neutrino follow-up pro-

gram (Evans et al. 2015) using the X-ray Telescope (XRT) onboard the Neil Gehrels

Swift Observatory (Gehrels 2004). Preliminary results from this follow-up were re-

ported by Keivani et al. (2017). A total of 45 Swift XRT observations performed

VERITAS observations of TXS 0506+056 11

Figure 4. Power-law fit with an exponential cuto↵ to the de-absorbed gamma-ray SED of
TXS 0506+056 using Fermi -LAT data from the period MJD 58019-58155 (solid black line)
and MJD 58046-60/58101-58114 (dashed black line). De-absorbed flux points are shown
in color, and observed fluxes in gray. The teal dashed line shows an extrapolation of the
Fermi -LAT fit from Subsection 2.2 to VHE energies that accounts for EBL absorption using
the model of Franceschini et al. (2008). The pink band in the VHE range illustrates the
energy-scale systematic uncertainty on the VERITAS spectrum.

core Python package for Astronomy (Astropy Collaboration et al. 2013); matplotlib,

a Python library for publication quality graphics (Hunter 2007); and NumPy (Van

Der Walt et al. 2011).

Facilities: VERITAS, Fermi -LAT, Swift
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VERITAS observations of  TXS 0506+056

Multiwavelength light 
curve of  TXS 0506+056 
(09/17 - 02/18)

• Flux variability in X-rays 
and GeV gamma rays. No 
clear correlation across 
energy bands. 

• VERITAS VHE flux 
consistent with a steady flux 
(sensitivity limited)
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Summary �25

Multi-wavelength data during the flare is crucial to constrain emission models. 

SED modeling of blazers shows that data do not always allow for Lν ≅ L𝛾 and this is 
almost always ruled out. 

A leptonic model (with a radiatively subdominant hadronic component) can explain 
a high-energy neutrino from TXS 0506+056 with 1-2% probability of detecting it in 
realtime. 

Alternative models (e.g. multi-zone) might be needed to explain IceCube-170922A 
and TXS 0506+056. 

Regular X-ray and 𝛾-ray monitoring of  blazars is required. 

Fermi plays a significant role in multi-messenger studies, including the blazer 
observations.

Thank you!


